In this paper, we introduce a new environmentally friendly silver electroplating bath employing 5,5-dimethylhydantoin (DMH) and nicotinic acid (NA) as complexing agents based on the prediction of computational chemistry. An excellent silver electrodeposit with suitable properties for application in electronics packaging was obtained from the newly developed silver electroplating bath. The electroplating bath is simple and stable. Meanwhile, the silver(I)-complexes in this bath possessed good complex stability. As a consequence, mirror bright silver electrodeposits on copper substrates with excellent leveling capability, smooth and compact morphologies, high purity and conductivity, as well as excellent welding property could be realized by adopting this unique bath. Based on the performances of the plating bath and silver deposit, the introduced silver plating bath is a promising candidate for silver electrodeposition applied in microelectronics to replace the conventional cyanide silver electroplating baths.
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Experimental

Quantum chemical calculations and MD simulations
Quantum chemical calculations were performed by the DMol 3 module in Materials Studio (from Accelrys Inc.). Some electronic properties and orbital information of the studied complexing agents were calculated by DFT methods using the BLYP exchange-correlation functional. 12 complexing agents with oxygen and nitrogen containing heterocyclic structures or oxygen and nitrogen containing chain organic compounds were selected as potential complexing agents to be investigated.
MD simulations of the adsorption interactions between the complexing agents and the copper and silver surfaces were carried out in a simulation box with periodic boundary conditions using Materials Studio. The box consisted of a silver or copper surface (cleaved along the (111) plane, with volume 2.600 nm×2.600 nm×1.179 nm of Ag and 2.300 nm×2.300 nm×1.043 nm of Cu, respectively.), a liquid phase, and a vacuum layer of 1 nm height. The liquid phase was water molecules with a density of 1 g/cm 3 The interaction energy between the metal surface and organic molecules was calculated using equation (1) . Agents (1) E Total was the total energy of the copper or silver crystal together with the adsorbed complexing agents. E Metal and E Agents were the total energy of the copper or silver crystal and free agents, respectively. The adsorption energy was the negative value of the interaction energy. 
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Measurements and Apparatus
Silver electroplating experiments were conducted under galvanostatic conditions in a cell employing a silver anode and a copper substrate. All solutions were prepared using analytical grade reagents and deionized water throughout this work. AgNO 3 was chosen as the source of silver ions and a silver anode, with a distance of 5~15cm to the working electrode, was used to make up the consumption of silver ions during the electrodeposition. The silver plating bath was prepared by adding AgNO 3 solution into a solution containing DMH, NA, and K 2 CO 3 , the pH value of the bath was adjusted to 10.0~14.0 with KOH solution.
The electrochemical measurements were performed in a three-electrode cell using a potentiostat/galvanostat (PARSTAT2273 Electrochemical Integrated Test System, Princeton Applied Research) at 328 K. A glassy carbon electrode (GCE) with a diameter of 3 mm was employed as the working electrode (WE). The counter electrode (CE) was a platinum plate with an area of 1 cm 2 . A mercuric oxide electrode (Hg/HgO) was used as the reference electrode (RE). The potential scan was initiated at open circuit potential from -1.30 V to 1.15 V with a sweep rate of 10 mV/s at 328K.
A gloss meter was employed to measure the glossiness of silver deposits. Field emission scanning electron microscopy (FESEM, XL30S-FEG, FEI) was used to study the surface morphologies of the silver deposits. Atomic force microscope (AFM) was employed to study the surface roughness of the silver deposits. The AFM analysis was carried out with a Dimension Icon (Bruker), working in contact mode with silicon nitride cantilevers. The micro-hardness of the deposit was measured by a micro-hardness tester. The investigation of impurities in the deposits was performed 
Results and discussion
Quantum chemical calculations and MD simulations
The oxygen and nitrogen species in organic molecules ensure a firm coordination with metal ions (Ag + ) as well as adsorption on the metal surfaces (Cu or Ag). Twelve different possible complexing agents forming silver(I)-complexes were studied based on their molecular structures.
Quantum chemical calculations based on DFT principles were employed to study the electronic properties and orbital information of each agent. According to the frontier molecular orbital theory, the energy of the highest occupied molecular orbital 
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advantages such as low cost, good solubility, and stability in alkaline solution in a large temperature range, NA was selected as auxiliary complexing agent for the introduced DMH based silver electroplating bath in the present paper.
Electrochemical measurements and silver electroplating were carried out to further confirm these predictions.
Stability of the plating bath
The stability of the employed silver plating bath, particularly in the case of extreme temperature (high or low) conditions, is a very important consideration for practical applications. For these investigations, the plating bath was heated at 373 K for 15 minutes, followed by rapid cooling back to room temperature in order to gauge the temperature stability. No changes to the bath were detected, and mirror bright silver deposits could still be obtained from the bath after the aforementioned thermal experiments. These observations indicate that the silver plating bath utilized possesses excellent thermal stability in investigated range. Furthermore, after 12 months of bath storage, no precipitates or bath discoloration were visually observed, indicative of good stability over this long time period.
In order to further investigate the stability of the bath, cyclic voltammetry was used to study the electrochemical behavior by inserting a GCE into the bath. The In order to further confirm the above conclusions, a displacement reaction was employed. Poorly adhering silver deposits on copper substrates usually result from a displacement reaction occurring between copper and silver(I)-complexes inside the electrolyte before electroplating. Commonly, a thin silver deposit is strike-plated before electrodeposition to overcome this problem, however, if the displacement reaction in the silver plating bath can be avoided, the strike-plating process would become unnecessary. In this experiment, a copper substrate with a removed surface oxide layer was immersed in the silver plating bath. No difference was observed on the copper surface after immersion for 10~15 minutes. Thus, no strike-plating process was necessary to obtain good adherent silver deposits on the copper substrate using the introduced silver plating bath containing DMH and NA as complexing agents.
The current efficiency of the plating bath, tested by copper coulometer, was nearly 100 % in the working current density range. Silver electrodeposition or anodic dissolution without side reactions could also significantly increase the stability of the bath. In consideration of the excellent performance, along with high stability in a large temperature range, after long storage times, and in terms of electrodeposition efficiency, the bath possesses practical significance in various fields of application.
Function of silver electroplating
Based on the quantum chemical calculations and MD simulations, DMH and NA were chosen as complexing agents for the introduced silver plating bath. The best Page 12 of 43 RSC Advances
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technological parameters, such as current density, temperature and time were determined by the deposit appearance. Parameters with which mirror bright and smooth silver deposits were obtained can be used for the silver electrodeposition in present work.
After silver plating onto copper substrates was carried out, mirror bright silver deposits were obtained from plating baths containing DMH and NA complexing agents. The glossiness of the silver deposits obtained from the plating bath and conventional cyanide silver electroplating bath was compared, as listed in Table 2 .
The glossiness measurements were repeated five times for every deposit.
The glossiness of the silver deposits obtained from the introduced bath was very close to those of cyanide bath silver deposits. This indicates that the introduced bath could be a promising candidate for electronic packaging, such as for LEDs, which requires the glossiness of silver deposits to be 1.0~2.0.
The surface morphology is also a very important consideration for electronic packaging applications. Field emission scanning electron microscopy (FESEM) and atomic force microscope (AFM) techniques were employed to characterize the surface morphology of the silver deposits. Fig. 7 displays SEM top view images of the silver deposits obtained from the silver electroplating bath introduced in this work. It can be clearly seen that the silver deposit was smooth and the corresponding size of grains was less than 100 nm ( Fig. 7(b) ). These observations most likely originated from using a combination of DMH and NA as composite complexing agents, which caused an increase of the cathodic polarization and resulted in smaller grains in the silver deposit. As observed in the cyclic voltammograms displayed in Fig. 6 , the onset of the Ag + reduction reaction was -0.80 V and the deposition peak was at -0.95 V with a large polarization of silver, suggesting that DMH and NA can significantly inhibit the Page 13 of 43 RSC Advances
reduction of silver, thereby tiny silver particles can be obtained.
AFM three-dimensional height images of the copper substrate with and without silver deposits are presented in Fig. 8 (a) and 8(b), respectively. The copper substrate clearly has trenches on the surface (Fig. 8(a) ), while the silver deposit surface ( Fig.   8(b) 
Micro-hardness of silver deposit
The micro-hardness(HV), which influences the service life of silver deposits is an important property for its application in the microelectronics, aerospace, automotive and jewelry industries. Fig. 9 displays the micro-hardness comparison of silver deposits obtained from the introduced bath in this work, a conventional cyanide bath and a conventional hard silver electroplating bath.
The micro-hardness of the silver deposit obtained from the introduced bath without any additives is 68 (HV), close to 70 (HV) for a cyanide bath silver deposit and lower than 120 (HV) for a hard silver deposit. Thereby, the silver deposit obtained from the introduced bath could be processed and welded for electronic packaging applications in a similar fashion as cyanide-based silver deposits. In consideration of the excellent performances in terms of processing and welding, the introduced bath in this work can be applied in microelectronics to replace the conventional cyanide silver electroplating bath.
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Purity of silver deposit
Impurities such as complexing agents or additives that interfuse the deposits are common in metal electrodeposition and seriously affect the properties and quality of the resulting deposits. For application in microelectronics, aerospace, automotive, and jewelry industries, the anti-tarnish abilities and electrical properties of the silver deposits are severely compromised by impurities. XPS analysis was carried out to examine the composition of the atoms in the silver deposit.
The XPS survey scan was taken over a wide binding energy region from 1.200 ~ 1350.000 eV, which indicated the presence of silver, carbon, nitrogen, oxygen, and sulphur species. The binding energy of the C1s peak at 284.6 eV was used as an internal standard. Table 3 . 
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properties.
Conductivity of silver deposit
The conductivity of silver deposit is a key function for the application in microelectronics. Contact resistance of silver deposits obtained from the introduced bath and conventional cyanide silver electroplating bath was studied with the same technique. The process was repeated up to five times for every deposit and the results of contact resistance measurements were displayed in Table 4 .
As shown in Table 4 , contact resistance of silver deposit obtained from the introduced bath was smaller than that of cyanide deposit. For the application of electronics packaging, silver deposits with smaller contact resistance can significantly increase the service life of microelectronics. This indicated that cyanide silver electroplating bath can be improved upon for application in microelectronics by replacing cyanide with the suggested bath.
Welding properties of silver deposit
To be applied in electronic packaging, the silver deposit should possess excellent welding properties with solder and connector. The welding properties of prepared silver deposits were measured by a wire pull technique as depicted in Fig. 11 .
A gold wire with d = 25 µm was used for the welding measurement of the silver deposit, and the pulling force was 80 gf. The process was repeated up to five times for every deposit and Table 5 shows the measurement results of the silver deposit welding properties. The welding properties of the silver deposits obtained from the introduced bath was close to that of the cyanide bath silver deposit which has been used in the microelectronics for more than 100 years. In the welding property measurements, no break occurred in the welded joints (1st point and 2nd point), 
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indicating that the introduced silver deposit can be used in microelectronics with high reliability. So the introduced silver deposit with excellent welding property can be used for electronic packaging to replace cyanide silver electroplating baths.
Conclusions
In summary, we report a novel method for predicting the behavior of complexing agents in mirror bright silver electroplating processes by using quantum chemical calculations and molecular dynamic simulations. The results of quantum chemical calculations suggested that DMH and NA could be used as potential complexing agents for silver electroplating based on their electronic properties and orbital information. Results of MD simulations manifested that DMH and NA could adsorb on the copper and silver surfaces strongly, leading to a higher inhibited effect for silver electrodeposition on the copper and silver surfaces. Tables   Table 1 Adsorption Page 37 of 43 RSC Advances 
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